Low cost ultraviolet stimulated emission has been generated using optical excitation of ZnO thin films deposited by sol-gel spin coating on n + As-doped ⟨100⟩ Si-substrate. The number of deposited layers and the heat treatment have been investigated to obtain a film that can generate stimulated emission under optical excitation. The optimum condition for preparation of the film has been presented. X-ray diffraction and scanning electron microscope have been used for structural and morphological investigations. Input-output intensity dependence and spectral width, peak emission wavelength, and the quantum efficiency versus the pump intensity have been presented. A quantum efficiency of about 24.2% has been reported, a power exponent higher than 8 has been obtained in input-output intensity dependence, and a threshold of about 23 Mw/cm 2 has been evaluated for the samples. The mechanism by which stimulated emission occurs has been discussed. The results show that sol-gel spin coating is a promising method for generating ultraviolet stimulated emission from ZnO thin films.
Introduction
Applications of ultraviolet stimulated emission have drawn the attention of researchers worldwide. This is due to the wide range of applications of this radiation in different fields. In medicine it is used in UV laser surgery [1] , in therapy [2] , in dermatology, such as pigmented legion and hair removal, skin rejuvenation, and scalp psoriasis [3] , in dentistry, such as near-UV laser treatment of extrinsic dental enamel stains [4] , in optoelectronics applications [5] , such as data storage [6] and telecommunications [7] , in earth science [8] , and in others.
Materials and methods of preparations for films that can generate such radiation are under focus for many researchers. An appealing material that is used to generate such radiation is ZnO. The interesting attributes of this material are abundance in nature, benign material, high transparency in visible region, wide range of electrical resistivity based on the preparation method, and high quantum yield. Such properties of ZnO material render it interesting for academia as well as practical applications. There are different methods for preparation of ZnO thin films. These methods include pulsed laser deposition [9] , sputtering [10] , sol-gel spin coating [11, 12] , chemical bath deposition [13] , spray pyrolysis [14] , molecular beam epitaxy [15] , and metal organic chemical vapor deposition [16] .
There are several mechanisms by which stimulated emission is generated in ZnO thin films. These mechanisms include random lasing [17] [18] [19] , exciton-exciton P-band lasing [20, 21] , electron-hole plasma lasing or N-band lasing [22] , nanosized or microsized whispering gallery mode dielectric resonators [23] [24] [25] [26] , coherent scattering of light by surface undulations [27] , N-band lasing enhanced by top-down microdisc structuring [28] , and coherent reflection from selfassembled ZnO hexagons [20] .
Here, room temperature exciton-exciton lasing using solgel spin coating has been presented and theoretically analyzed for the first time, to the best of our knowledge. The method shows appealing advantages such as low cost, safety, and simplicity. Optimum condition for preparation of the films has been reported. Structural and morphological investigations for the films have been done by X-ray diffraction pattern and 2 Advances in Materials Science and Engineering scanning electron microscope images. For stimulated emission properties, input-output intensity dependence, peak emission wavelength versus input intensity, and the spectral width versus input intensity have been presented. From the investigations of the properties of the stimulated emission, the mechanism responsible for stimulated emission has been proposed.
Sample Preparation
Materials used for the preparation of the ZnO thin films are zinc acetate dihydrate, (CH 3 COO) 2 Zn⋅2H 2 O (ZAD), diethanolamine (NH(CH 2 CH 2 OH) 2 ), and 2-propanol, which were purchased from Oxford Laboratory Reagent, Scharlau, and Piochem, respectively. All chemicals have been utilized without further purification. The substrate that has been used is n + As-doped ⟨100⟩ Si-substrate. The spin coater (model Spin-1200D, MIDAS system) has been utilized to deposit the films.
The procedures used to prepare ZnO thin films were reported elsewhere. Briefly, ZAD, 2-propanol, and diethanolamine were used as a zinc precursor, solvent, and additive, respectively. DEA improves the solubility of ZAD and stabilizes the sol. The molar concentration of ZAD was 0.75 M and that of DEA was 0.75 M. ZAD was dissolved in 2-propanol under magnetic stirring and temperature of 50 ∘ C till clear solution was formed. The solution was left for 72 h before deposition. Two samples have been prepared, one with 19 layers (called S1) and the other with 30 layers (called S2). For silicon substrate cleaning, it was immersed in hot acetone, then hot ethanol, and then distilled water. The substrate is then dried. The first 10 layers were deposited with spin speed of 5000 rpm, and spin time of 60 s. After each deposition, the samples were placed at a hotplate with temperature of 350 ∘ C for 20 minutes and then they were allowed to cool down to room temperature. Then the samples were heated at a temperature of 575 ∘ C for one hour. The ramp rate for this process was 8 ∘ C/min. Then another nine layers were deposited with the same conditions. Then, the samples were treated at 950 ∘ C for 1 hour. For S2, additional 11 layers were deposited with the same conditions. Afterwards, S2 was treated at a temperature of 950 ∘ C for one hour. The ramp rate was 8 ∘ C/min. For structural characterization, X-ray diffraction measurements were recorded using Philips (PW1710 BASED) diffractometer. Scanning electron microscope, model Quanta 250 FEG, was used to capture the surface morphology of the films. For investigating emission, N2 laser at 337 nm was focused on the sample surface and the emission was collected by optical fiber and entered the slit of the spectrograph (StellarNet EPP2000). For investigating input-output power dependence, density filters were used to change the pump power incident on the sample.
Results and Discussion
XRD results of S1 and S2 are shown in Figure 1 . The results show that the samples are polycrystalline with hexagonal structure of ZnO (JCPDS card 79-0205). S1 has the strongest reflection at (002) plane, which is the preferential orientation and the densest plane of this sample. S2 has the strongest reflection at (101), the preferential orientation and the densest plane of this sample. Reflections for planes (100), (002), (101), (102), (110), (103), and (112) are observed for both samples.
Top view scanning electron microscope images for S1 and S2 are depicted in Figures 2(a) and 2(b), respectively. The average crystallite size of S1 is 252 nm and that of S2 is 346 nm, by measuring the size of 60 particles of S1 and S2 and obtaining the average of them. The increment in the size is attributed to the increment time in the heat treatment. While S1 was treated only one time at 950 ∘ C for one hour, S2 was treated two times at 950 ∘ C, one hour for each treatment. The cross sectional view of S1 and S2 is displayed in Figures 2(c) and 2(d), respectively. From the images, the growth of S1 is better than S2. This is in agreement with the results of X-ray diffraction in Figure 1 . The thickness of S1 is about 2 micrometers. Since there is no continuous growth in S2 in the vertical direction, the thickness of S2 cannot be deduced from SEM image.
To generate room temperature ultraviolet stimulated emission using sol-gel spin coated ZnO thin films, many samples have been prepared with different conditions. The first condition that has been considered was the size of the crystallites. According to our previous work as well as the work considered by the other groups, the larger the crystallite size is, the larger the optical gain obtained from the material is, and thus the possibility of obtaining stimulated emission from the samples. The conditions that lead to larger crystallites of the film are treating the samples at higher temperature such that more growth for the crystallites occurs, increasing the film thickness by increasing the number of layers and increasing the initial concentration of the zinc salt. Optimum conditions have been searched to achieve larger crystallites with less material defects. According to the investigations that have been made, the following are the best conditions in our case that lead to larger crystallites with low defects. The optimum zinc precursor concentration was 0.75 M. Lower concentrations than this one lead to increasing the number of crystallites; however the sizes of these crystallites are small. On the other hand, higher concentration leads to porous structure. This is in agreement with the work published by O'Brien et al. [29] . The optimum film thickness was about 2.6
Advances in Materials Science and Engineering micrometers, which was obtained by depositing 19 layers at initial zinc salt of 0.75 M, with 10-layer deposition followed by heat treatment of 575 ∘ C followed by deposition of another 9 layers and then the sample was heat treated at 950 ∘ C (S1). When another 11 layers was deposited, followed by another heat treatment (S2), cracking in the film was observed which is due to the third heat treatment and the thick film on silicon substrate, which has a mismatch in the lattice constant compared to that of ZnO. Figure 3 shows the emission from the different samples at pumping intensity of 28.7 MW/cm 2 . For sample with only 10 layers treated at 575, 750, and 950 ∘ C, spontaneous emission occurs with a peak at around 389 nm with weak emission intensity as in Figure 3 . On the other hand, samples S1 and S2 show strong emission with narrow spectral width.
To investigate stimulated emission process from samples S1 and S2, input-output intensity dependence has been investigated. Figure 4 shows the results of input-output intensity dependence. At low pump intensity from 5 to about 23 MW/cm 2 , there is a linear relationship between the output and input intensity. The red line in the curve is to show such linear dependence. At higher intensity more than 23 MW/cm 2 , there is a deviation from such linear dependence, and the output intensity growth is superlinear. Further, spectral width gets decreased for intensity higher than 23 MW/cm 2 , as indicated in Figure 5 . From Figures 4 and 5 stimulated emission was evident due to the deviation from linear relation between input-output intensity and the decrease in the spectral width with increasing the pump intensity. The threshold intensity, the input intensity at which the kink in the input-output intensity occurs, is 22.6 Mw/cm 2 for sample S1 and 23.2 MW/cm 2 for sample S2. The lower the threshold intensity for stimulated emission is, the better the quality of the sample is; hence S1 sample has better quality compared to S2 according to the results of the threshold values. This is in agreement with the results of X-ray measurements (depicted in Figure 1 ) and the results of cross sectional view of SEM images presented in Figure 2 .
Figures 6(a) and 6(b) show the spectrum emitted from S1 and S2 at different input intensities. At lower pump intensities below the thresholds of S1 and S2, the photoluminescence emitted from the samples is weak and broad. These are characteristics for spontaneous emission. At higher pump intensities than threshold the emission is huge and with narrow spectral width, which are the characteristics of stimulated emission. There are several mechanisms by which stimulated emission can occur. It can occur by single pass gain through high gain ZnO thin films, exciton-exciton scattering with P-band lasing, electron-hole plasma, surface undulations, P-band lasing assisted with index guiding through topdown microstructuring, random lasing, exciton-polariton interaction, or by coherent reflections from parallel hexagons. In the single pass gain, a stripe has been focused to a high gain ZnO thin films such that the spontaneous emission passes through highly inverted region, which leads to stimulated emission with high intensity. The stimulated emission occurs in the transverse direction relative to the exciting beam. In the exciton-exciton scattering P-band lasing, two excited excitons interact with each other such that one exciton is induced to emit radiation and the other gets excited to higher excitonic state. The stimulated emission intensity in this process is superlinear with the incident radiation with a power exponent as high as 8. There is approximately Advances in Materials Science and Engineering no change in the emitted wavelength for P-band lasing as the incident intensity increases. For electron-hole plasma lasing, the density of excitons exceeds Mott density, and dissociations of excitons occur and electron-hole plasma is formed. Recombination between electrons and holes in this region of excitations leads to stimulated emission. With increasing the excitation intensity in the electronhole plasma region of excitation, the emitted wavelength increases considerably due to bandgap renormalization. For surface undulations mechanism, surface undulations cause scattering for the emitted photons in the surface which leads to stimulated emission. The emitted wavelength lies in the region of P-band. For surface undulations assisted with topdown microstructuring, in addition to the scattered photons by surface undulations that cause stimulated emission, the process is further improved via waveguiding caused by topdown microstructuring. The emitted wavelength is shifted towards longer wavelength relative to absence of microstructuring. For both random lasing and coherent reflections by aligned hexagons, several narrow band multipeaks occur in the spectrum of the emitted radiation. However, the cavity lengths for both mechanisms are different. For self-assembled hexagons the cavity length is the stripe length that excites the parallel hexagons, but for random lasing the cavity length is the pass length after which the photons return back to their original position. Gadallah et al. reported the mechanisms of stimulated emissions by single pass gain, P-band lasing, electron-hole plasma, and surface undulations [9] . Nomenyo et al. reported the mechanism of stimulated emission by surface undulation enhanced top-down microstructuring. [28] . Dupont reported the mechanism of random lasing [19] . These mechanisms can be distinguished from each other. For example, P-band lasing and electron-hole plasma lasing can be distinguished as follows. The emitted wavelength drastically gets longer as the input intensity increases in case of electron-hole plasma lasing. However, in case of Pband lasing there is approximately no change of the emitted wavelength. Random lasing is distinguished by narrow multiple peaks in the emitted spectra. Here, there is very small change in the emitted wavelength at different pump powers as indicated in Figure 7 . In addition, the input-output intensity dependence in the stimulated emission region, the inset in Figure 7 , shows a higher power exponent with an exponent of 8.2 for S1 and 5.9 for S2. Both the small change in the peak emission wavelength with increasing the pump intensity and the superlinear dependence of the output intensity versus the pump intensity with a power exponent greater than five indicate that the mechanism of stimulated emission is by exciton-exciton P-band. Figure 8 depicts the quantum efficiency, defined as emitted photons/absorbed photons, as a function of the pump intensity for samples S1 and S2. With increasing the pump intensity, the quantum efficiency increases too. The highest value of the quantum efficiency for S1 is 24.2% and that of S2 is 23.5%.
Analysis
The generated number of excitons per excited volume X-X can be calculated using the following equation:
where is incident number of photons = /ℎV, is the energy per pulse of the exciting laser, ℎV is the energy of one photon, = is the excited volume, where is the excited area and is a characteristic length, ph is the loss of the incident photons by nonabsorption process such as reflection, or presence of voids in the excited area, ex is the exciton lifetime, is the pulse duration of the exciting laser, and is the defect loss such as surface-state defects or grain boundary defects. The process can be theoretically governed by the following:
where Mott is the so-called Mott density, which accounts for the following process: as the number of excitons increase more and more, Coulomb interactions between these excitons become strong that the excitons lose their individual nature and a new phase called electron-hole plasma arises. Further, the quantum efficiency plus the different losses should be equal to unity; that is,
where nr is the nonradiative recombination loss of the generated excitons by surface-state defects or scattering centers.
To quantify these parameters to our measurements, with a spot diameter of the laser beam of 0.6 mm on the film, = 2.8 × 10 −3 cm 2 , ≈ 200 nm (depth through which the process occurs, which could be of the order of the exciton diffusion length), with ex = 0.1 ns as reported in [30] , room temperature Mott density Mott ≈ 3.7 × 10 19 excitons/cm 3 as reported in [31] ,
Q.E = 0.242 (Figure 8) , and ph is then less than or equal to 0.15 (using (2)). From (3), nr = 1 − Q.E + ph ≈ 0.608.
Conclusions
Preparation of ZnO thin films by sol-gel spin coating on n + As-doped ⟨100⟩ Si-substrate for the purpose of optically pumped stimulated emission has been reported. The optimum condition for the preparation of the film has been presented. The film thickness was about 2.6 micrometers. Two heat treatments were performed for better crystallization of the film, one at 575 ∘ C, and the other at 950 ∘ C. The mechanism responsible for stimulated emission is excitonexciton P-band lasing as there is a small shift in the peak emission wavelength and a power exponent larger than five in output intensity versus input intensity and there is no multiple peaks narrow band in the spectra of the stimulated emission. A quantum efficiency of about 24.2% has been achieved. The results show that sol-gel spin coating is a promising way for the preparation of ZnO thin films that can generate low cost ultraviolet stimulated emission.
